We numerically studied a high-output-transmission-efficiency low-reflection-loss 120 photonic crystal (PhC) waveguide bend based on a PhC slab with triangular-lattice air holes. The desired high output transmission efficiency was achieved by introducing flexible structural defects into the bend region of the waveguide. Simulation results obtained using a 3-D finite-difference time-domain method indicated that normalized output transmission as high as 94.3% and negligible normalized reflection loss of 0.1% were obtained at the 1550-nm optical wavelength. Furthermore, the normalized output transmission was more than 90% within the entire optical C-band. In addition, sensitivity of the design parameters of the structural defect was studied to understand the tolerance in the fabrication error, while maintaining high output transmission efficiency.
Introduction
The photonic crystal (PhC) is a low loss periodic dielectric nanostructure designed to affect the motion of photons or electromagnetic waves in the same way as electrons move due to the periodicity of semiconductor crystal [1] , [2] . The periodic dielectric nanostructures consist of high and low dielectric mediums, which exhibit photonic bandgaps (PBGs). These PBG properties prevent the propagation of light in any directions within a specific wavelength range of the gaps. On the other hand, light with wavelengths outside the PBGs is allowed to propagate inside the periodic structure.
In recent years, 2-D PhC slab devices have been a topic of extensive research due to the relative ease in its fabrication by using conventional semiconductor fabrication technology as compared to the fabrication of 3-D PhC. For a typical 2-D PhC slab, the electromagnetic waves are guided in the horizontal plane by PBG effect and confined in the vertical direction by total internal reflection phenomenon. It is also possible for the electromagnetic wave to be confined in the horizontal plane by index-guiding depending on the wavelength of the input light. The PhC slab is commonly created by etching air holes in triangular lattice manner in the dielectric slab material. This type of PhC slab exhibits large PBG effect for transverse electric (TE) polarized light. By removing a single row of air holes, a W1 straight waveguide or also known as PhC waveguide (PhCW) would form which allows the light to be guided in the channel.
PhCW, as a channel to route and direct light from one end to another end is the most fundamental component in photonic integrated circuits (PICs). Owing to the nano-sized waveguide, PhCW becomes a promising solution as an interconnection or bridge between different functional blocks in ultra-dense PICs. However, as far as the compactness of the PICs is concerned, waveguide bend cannot be avoided in the circuits. Therefore, the design and investigation of high output transmission efficiency PhCW bends became the focus of research since a decade ago. PhCW with a variety of bending angles such as 60 bend [3] , [4] , 90 bend [5] , [6] , 180
bend [7] , [8] , and arbitrary bend [9] , [10] have been extensively explored by many researchers. Although PhCW bends have been studied for interconnector devices for a long time, there is insufficient investigation on high output transmission efficiency 120 bend in triangular lattice PhC slab, which is crucial in ultra-dense PICs.
Investigation on a 120 bend has been studied by Borel et al. [11] through Topology Optimization (TO) method to optimize the structure in order to improve the output transmission efficiency. Their measurement on loss per bend showed 1 dB to 3 dB within the operation wavelength ranging from 1320 nm to 1540 nm. However, their design attained a loss as high as 5 dB at an important optical wavelength of 1550 nm. Furthermore, the optimized structure from TO method always produces irregular geometrical shapes which increase the fabrication difficulty. In another work, a mode matching technique to improve the output transmission of the 120 bend was presented by Lu et al. [12] . This technique is based on shifting the lattice points near the corner of the bend region to maximize the overlapping light field between the straight waveguide and bend region. From their 2-D simulation, the output transmission efficiency was enhanced but the efficiency was still lesser than 90%. When 3-D simulation is considered for the aforementioned design, the output efficiency will be further reduced due to the unavoidable out-of-plane losses, thus making their design unsuitable for high efficiency PICs. Recently, Chen et al. [13] used a capsule-shaped air defect which is formed by connecting the air holes at the bend region to modulate the 120 waveguide bend corner. Their experiment recorded average bend losses for both polarizations which were less than 4.2 dB per bend. The bend loss of the structure is due to the waveguide bend based on ARROW-B platform, which is a leaky medium. However, the bend loss can be reduced by increasing the number of ARROW-B cladding layers.
In this numerical work, we introduce flexible structural defects into the bend region in order to achieve high output transmission efficiency 120
PhCW bend. The desired performance is obtained by matching the light guiding properties at the bend region to the straight waveguide region. This paper is structured as follows. Section 2 describes the design and parameters of the PhCW bend and the structural defects. In Section 3, the 3-D simulation results and discussion are presented. Finally, the conclusion from this work is presented in Section 4.
120 PhCW Bend Design
A schematic drawing of a conventional unmodified 120 PhCW bend in a triangular lattice air holes PhC slab is shown in Fig. 1 . The waveguide bend structure is formed by connecting an input and output channel with a bend region. In the Fig. 1 below, green is used to represent the background material (silicon), white the air region and blue the region where Perfectly Matched Layer (PML) is applied. The design layout is in the x-z plane while the direction of out-of-plane is along the y-axis. The input excitation position (Input) and the output transmission ðP out Þ measurement location are indicated in Fig. 1 . The input signal is excited after a few lattice constant distances to the right of the left-side boundary of the computational region. This allows the light vector field observation of the backward propagating light (reflected light) which is due to the discontinuity at the bend region. The magnified box shows the modification on the bend region using two Drop Hole (DH1 and DH2) structural defects to improve the output performance for the proposed modified structure. The rectangular box in red is the supercell for the calculation of the band diagram of the bend region. The blue dotted line shows the symmetry axis of the PhCW bend. Fig. 2 shows the layout of the proposed flexible Drop Hole (DH) structural defect. We have previously reported the application of DH in designing an efficient 1 Â 3 PhC power splitter [14] and an ultra-compact 180 (U-turn) PhC bend [15] by using 2-D Finite Difference Time Domain (FDTD) method. Compared to our published work on 180 waveguide bend [15] , this research on 120 waveguide bend is performed using 3-D FDTD method with detailed analysis based on the band diagram. In addition, fewer DH structural defects are utilized in this work. In the simulation, the DH is treated as an air defect which was etched in silicon dielectric substrate, and it is of the same material as the air holes. The shape of the DH is intentionally designed in such a way so as to permit the incoming electromagnetic wave to be guided or split adiabatically as the wave propagates from the tip to the center hole of the DH. The DH is described with three main parameters of L, r 1, and , where L is the length of the DH from the tip to the center of the hole, r 1 is the radius of the DH, and is the bending angle of the DH. The bending angle is considered positive (negative) when the DH is bent upward (downward) and it is ¼ 0 when the DH is pointing horizontally. The parameter r is the radius of the air hole in the PhC slab. The bending angle of the DH is not taken into consideration in the optimization process by fixing the position of the DH defects (DH1 with ¼ À120
and DH2 with ¼ 180 ) next to the symmetry axis as shown in the magnified box in Fig. 1 . Therefore, optimization parameters are reduced to r 1 and L. PhCW bend. The magnified box shows the bend modification by using two DHs (DH1 and DH2) to tune the output transmission efficiency. (Green) Background material (silicon), (white) air region, and (blue) PML.
In this work, the 3-D FDTD method is used to analyze the output performances of the PhCW bend. The FDTD simulation is based on the in-house developed FORTRAN language compiler built in Microsoft Visual Studio. The radius of the air hole is r ¼ 135 nm, distance between air holes is Ã ¼ 440 nm, slab thickness of 230 nm and the refractive index of background material is 3.4, corresponding to the refractive index of silicon at 1550 nm. The resolution of the mesh size used in the FDTD simulation for all x-y-z directions is Ã=32 ¼ 13:75 nm. Since only finite region is considered for simulation, the computational region is truncated with PML to absorb the entire outward propagating electromagnetic waves to prevent it from reflecting back into the system at the outer boundaries. Furthermore, using the 3-D Plane Wave Expansion Method based on the MPB freeware [16] for band diagram calculation with the aforementioned design parameters of the PhC slab, a large TE-like bandgap exists for the range of normalized frequency, Ã= ¼ 0:2689 $ 0:3348. Owing to the TE-like bandgap in the crystal, TE polarized light with electric field in both in-plane x-z axes ðE x ; E z Þ and magnetic field in y-axis ðH y Þ is launched into the input channel. The light source center wavelength is at 1550 nm with Gaussian spatial distribution. At steady-state, the simulated output transmission (output power) is obtained to evaluate the transmission efficiency of the design. In addition, in order to accurately acquire the output transmission efficiency, the output transmission of the PhCW bend is normalized to the output transmission of a W1 straight PhCW with identical waveguide length. The normalized reflection power and out-of-plane losses are calculated by subtracting losses of the PhCW bend with losses of the W1 straight PhCW.
Numerical Results

Transmission efficiency of the conventional unmodified 120
PhCW bend is first simulated and its steady-state magnetic field profile at 1550 nm is shown in Fig. 3 . Visual inspection on the wave propagation shows that the discontinuity at the bend region causes high reflection power. The calculated normalized output transmission, reflection power and out-of-plane losses are P out ¼ 62:4%, P ref ¼ 33:7%, and P ofp ¼ 3:71%, respectively, at 1550 nm.
In order to investigate the reason for high reflection power, the wave vectors at both straight and bend regions are studied. The reflection coefficient equation, Rð!Þ in (1), shown below, is used to calculate the reflectivity of the waveguide bend [17] 
(1)
where, k 1 ð!Þ and k 2 ð!Þ are the wave numbers of the guided mode in straight and bend waveguides respectively, and L is the equivalent length of the bend region. For simplicity, the wave vector at straight region is denoted as k s , while the wave vector at bend region is denoted as k b . Based on the reflection coefficient equation, the reflectivity of the waveguide bend will be lower if both wave vectors, k s and k b are closer. Therefore, reducing and matching the wave vectors are sufficient to predict the reflection power of the design.
The band diagram for the straight region (W1 straight waveguide) is shown in Fig. 4 . At normalized frequency of Ã= ¼ 0:2838 (1550 nm wavelength), the corresponding wave vector is 0:3236 Â ð2=ÃÞ. For W1 straight waveguide, the band is folded once in the band diagram [18] . Also note that the aforementioned band diagram repeats itself with a period of 0:5 Â ð2=ÃÞ. Therefore, the wave vector corresponding to the aforementioned normalized frequency becomes k s ¼ ð2 Â 0:5 À 0:3236Þð2=ÃÞ ¼ 0:6764 Â ð2=ÃÞ. frequency of Ã= ¼ 0:2838. At normalized frequency of 0.2838, the wave vector for the guided mode is 0:1915 Â ð2=ÃÞ. Since the width of the supercell at the bend region is 2 Ã while the width is Ã for straight region, therefore, the wave vector for the bend region is 2 times smaller than the straight region band diagram [19] . In other words, the band diagram repeats itself with a period of 0:25 Â ð2=ÃÞ. In this case, the band is folded 4 times, hence the wave vector becomes À3 nm À1 . In addition, the mode field profile of the corresponding guided mode as depicted in Fig. 5 (inset (a) ) shows a slight mode field pattern mismatch with the fundamental guided mode of the straight waveguide. The mismatches between wave vectors and mode field patterns therefore cause high reflection power in the unmodified waveguide bend.
In order to enhance the output transmission efficiency of the waveguide bend, Drop Hole structural defects are introduced into the bend region to reduce the dissimilarity between wave vectors and also to increase the mode matching between the guided modes. Fig. 6 depicts the band diagram with Drop Holes at optimum parameters of L ¼ 2:2 Ã and r 1 ¼ 0:25r . At a normalized frequency of 0.2838, two guided modes appear (point (a) and (b) in Fig. 6 ) which makes it a multimode operating region. Although a multimode region does not favor light guiding due to the possibility of the light coupling to unwanted higher-order modes, it has been shown that high output transmission can be obtained even without satisfying the single-mode light guiding condition in the waveguide bend [18] . The corresponding wave vectors taken from À3 nm À1 for points (a) and (b), respectively, which are smaller than the unmodified bend. The magnetic field pattern shown in the inset of Fig. 6 for point (a) is fundamental even mode and matched with the guided mode of the straight waveguide. Therefore, this mode will produce high output transmission.
The steady-state magnetic field profile for the modified bend at L ¼ 2:2 Ã, r 1 ¼ 0:25r (for both DH1 and DH2) and 1550 nm wavelength is illustrated in Fig. 7 . From 3-D FDTD simulation, the normalized output transmission for the modified bend is found to have increased to 94.3%. The simulated normalized reflection loss is greatly reduced to P ref ¼ 0:1% as can be observed from the negligible magnetic field distribution before the input excitation location in Fig. 7 . The loss in the optimum design mainly comes from the out-of-plane losses, which is found to be as high as P ofp ¼ 4:65%. Since the DH structural defect is basically an air defect, the light confinement in the vertical direction is reduced when the light interacts with the DH structural defect, thus, higher amount of light is leaked to the out-of-plane direction as compared to the unmodified waveguide bend. To increase the achieved output transmission efficiency, the out-of-plane losses of the PhCW bend have to be minimized. Methods such as covering the PhC slab with 3-D woodpile PhCs can be implemented to reduce the radiation loss [20] . In addition, these losses can also be reduced by adjusting the air gap width between the slab and the substrate layers [21] .
Future attempts to fabricate the proposed 120 PhCW bend is considered through the tolerance analysis of the optimum DH parameters in order to investigate its sensitivity to the fabrication error while maintaining high output transmission efficiency. Fig. 8 depicts the tolerance analysis for DH radius at an optimum DH length of L ¼ 2:2 Ã at 1550 nm wavelength. Within the range of DH radius from r 1 ¼ 0:15r to 0:4r , the normalized output transmission is more than 90% with negligible reflection power. Varying the DH radius from an optimum value of r 1 ¼ 0:25r to between 0:15r and 0:4r does not cause much drop in output transmission efficiency. This is because the guided band inside the band diagram is not altered much by the changes in the DH radius. It is learned that, the losses in the PhCW bend mainly arise from the out-of-plane loss, P ofp . In addition, the P ofp increases when the area the air defect introduces into the bend region is increased by enlarging the DH radius, causing the vertical light confinement to be weakened. On the other hand, the tolerance analysis for DH length at optimum DH radius of r 1 ¼ 0:25r is shown in Fig. 9 . The simulation result shows that the normalized output transmission efficiency is higher than 90% when the DH length is changed from L ¼ 1:95 Ã to at least 2.7 Ã. As the length of the DH becomes shorter than L ¼ 1:95 Ã, the transmission efficiency starts to drop since the effect of introducing DH into the design becomes negligible as the design starts to transform back into the conventional unmodified 120
PhCW bend. On the other hand, the nearly constant output transmission as the DH length is extended longer than 1.95 Ã can be explained based on the work reported by Joannopoulos et al. [1] . They showed that by lowering the dielectric value (adding air defect), the corresponding frequency shift becomes positive, and a new guided band will pop out from the dielectric band (bottom slab bands), or in other words, the guided bands will shift upward. However, as the average effective dielectric value is increased, the frequency shift becomes negative and a guided band will fall into the bandgap region from the air band (upper slab bands), or in other words, the guided bands will shift downward. In our study, increasing the length of the DH actually moves all the guided bands upward. Therefore, when the DH length for 120
PhCW bend is increased, the guided band in Fig. 6 is shifted upward, particularly at point (a). In this particular case, when the guided band is shifted upward, the corresponding guided mode at normalized frequency of 0.2838 is still in the fundamental even guided mode, hence, the output transmission is still maintained high when the DH length is varied from L ¼ 1:95 Ã to at least 2.7 Ã. Furthermore, since the output transmission is high and nearly constant as the DH length becomes longer, the P ref is expected to be low too.
In terms of fabrication technologies, Helium Focused Ion Beam (HeFiB) fabrication is very promising to realize the proposed 120
PhCW bend structures. The smallest dimension in the design is equal to the mesh size used in the FDTD simulation which is 13.75 nm. Until recently, fabrication of 5 nm square hole drilled on Au film [22] and 3.5 nm gaps in gold layer [23] have been demonstrated using HeFiB technology. Furthermore, since the DH structural defect is discretized into square mesh in the simulation, and fabrication of 5 nm square hole has already been reported in [22] , it is safe to presume that it is feasible to fabricate the discretized DH structural defect using the aforementioned technology as its smallest dimension is relatively large at 13.75 nm.
Finally, the output transmission efficiency across optical C-band region is depicted in Fig. 10 . The normalized output transmission is within the range of 90% to 95% with maximum output transmission improvement of 32% compared to the unmodified PhCW bend at 1555 nm. The consistency in the magnitude of the output transmission for the modified bend within the C-band wavelengths is due to the matching of wave vectors and guided mode field patterns. As shown in Fig. 6 , changing the light wavelength (same as varying the normalized frequency) within the C-band region, the guided mode field pattern at the bend region is still in a fundamental even guided mode which is matched with the mode profile of the straight waveguide. In addition, the corresponding difference in the wave vectors, Ák , is small within C-band wavelengths. Furthermore, the unwanted reflection power for the modified PhCW bend is seen to be very low (less than 2%) within the entire optical C-band wavelength. Therefore, the signal that returns into the functional blocks inside the PICs can be minimized. Such high output transmission of the proposed modified 120
PhCW bend confirms the advantage of using DH structural defect in PhCW bend devices. Additionally, it also serves the purpose for the proposed designs to be employed in photonic integrated devices for optical communication applications.
Conclusion
In conclusion, we have used 3-D FDTD method to numerically show that with the use of Drop Hole structural defects in the bend region of the 120 PhCW bend, normalized output transmission as high as 94.3% and negligible normalized reflection loss of 0.1% are achieved at 1550 nm optical wavelength. Furthermore, within the entire optical C-band wavelength, the normalized output transmission for the modified PhCW bend is in the range of 90% to 95% and the normalized reflection loss is lower than 2%. The high output transmission efficiency of the proposed PhCW bend is due to the wave vector and mode field pattern matching between the straight and bend regions which are manipulated by the Drop Hole structural defect. In addition, tolerance analyses on the design parameters are studied to predict the allowable fabrication error while maintaining high output transmission efficiency. Finally, the high output transmission efficiency favors the proposed 120
PhCW bend to be used in photonic integrated circuits. 
